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ABSTRACT

The main purpose of this thesis is to investigate the ductility and application of titanium
alloys, like titanium 6Al-4V, when used in aerospace fasteners compared to more conventional
stainless steel aerospace fasteners such as A286. There have been concerns raised about the safe
usability of titanium 6-4 in the aerospace industry due to its lack of strain hardening. However,
there is a lack of data pertaining to this concern of safe usage which this thesis aims to address.
Tensile tests were conducted to find the ductility indexes of these fasteners which quantify the
amount of plastic to elastic elongation. From the tests conducted it was found that the two
materials yield and tensile strengths were very similar, though the ductility index of A286 is on
average ten times greater than that of titanium 6-4. This thesis includes joint diagram examples
that analyze typical joints using both materials. It was found from joint diagram examples that
the lower ductility index of the titanium alloy will only be detrimental to use at higher preloads.
However, the titanium alloy can be used safely in place of A286 in most loading situations just
with narrower safety margins in these controlled examples.
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CHAPTER 1: INTRODUCTION

In the aerospace and aeronautical fields mass is almost always the enemy; increasing
costs for launch or flight and decreasing vehicle performance, every kilogram matters in the
design. How much weight could be saved in a design if the mass of every fastener on a satellite
bus or airplane could be cut in half while still maintaining safety? That is the question that the
titanium alloy Ti 6Al-4V is posing to the more widely utilized stainless steel alloy A286.
Titanium has many uses in a variety of fields due to its many desirable characteristics.
There are four grades of commercially available pure titanium and six grades of titanium alloys
[1]. This material and its various alloys are utilized primarily in the aerospace and aeronautics
industry because of its good strength to weight ratio compared to steels [2,3]. The density of the
titanium alloy is almost half that of A-286 stainless steel at 4.43 g/cc compared to the steels
7.916 g/cc [4]. Titanium has found extensive use in the biomedical field as well because of its
lack of biological response in the human body. A few more notable applications of this metal and
its alloys are in the chemical, industrial, and marine industries because of its excellent corrosion
resistance, even at elevated temperatures. The alloys show almost no signs of corrosion that
would cause failure if the proper coating were applied for its operating field [5,6]. The most
prevalent version of commercially pure titanium is grade 2 and it is used in most titanium bar
and sheet stock. The most well used version of titanium in the world is grade 5 titanium or Ti6Al-4V. This grade of titanium is what will be the focus of this paper. All the
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previously mentioned applications primarily use Ti-6Al-4V as well, though an alloy without
Vanadium is gaining usage in the medical field. This Ti-6Al-4V alloy is called the “workhorse”
of the titanium industry and accounts for over 50 percent of the total titanium usage worldwide.
This alloy can be solution treated, and age hardened to increase its strength and fracture
toughness while withstanding service temperatures of up to 600 degrees Fahrenheit.
The idea behind this project is to provide data through tensile testing that can allow
engineers to draw conclusions about the safe usage of this alloy in aerospace fastener
applications. This investigation will be through the use of an MTS tensile testing machine to
investigate the ductility index of this alloy in full size fastener specimen form compared to A286
fasteners of the same dimensions. From these results the ductility index can be determined in
accordance to NASA standard 5020 [7]. From this tensile test data, conclusions can be drawn to
see if the concerns of the titanium alloy being too brittle for fastener use are founded. The
characteristic of ductility of the Ti-6Al-4V alloy when used in fasteners has not had sufficient
research so that is the aim of this project. Since the aerospace and aeronautical engineering fields
have such high performance criteria it is necessary to try and find out as much as possible with
regard to ductility of this fastener to see if it could and should be used more prevalently in these
fields, or to show how it can be more carefully utilized. Hopefully, this paper will provide a
clearer understanding of how this material can be more safely used in these applications as well
as the other fields previously mentioned. Either good or bad, a more informed decision can be
made when deciding on a design that utilizes Ti-6Al-4V fasteners.
The plan is to gather load and displacement data through tensile testing. This will provide
ductility indexes for titanium compared to A286. The ductility index is widely used for bolted
joint testing, Fiber Reinforced Concrete Beams, and other instances where direct tensile testing
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with machined tensile specimens cannot be performed but an idea of ductility needs to be known
[8-16]. In this thesis, ductility index will be used for full size fastener specimen testing as
suggested by Dolan in his paper suggesting a testing method to be reviewed by ASTM for this
very purpose [16]. Ductility index can be computed simply from the force vs. displacement
graph pulled from the tensile test. It is referred to as the ratio of displacement between yield and
max tensile load over displacement at yield and will be explained more fully later in this thesis
[17-19]. Chapter 5 of this thesis will also be dedicated to loading scenarios for joint design with
different preload and external load levels. These examples will allow engineers to more fully
understand bolted joint design and provide suggestions for applications where the titanium alloy
can be trusted to perform as well as the A286 thus providing a light weight design while still
maintaining safety.

3

CHAPTER 2: BACKGROUND

The focus of this paper will be on the use of Ti-6Al-4V bolts in the aerospace industry.
This titanium alloy as mentioned earlier is the “workhorse” of the industry accounting for 50%
of the titanium in use worldwide. Ti-6Al-4V is an alpha-beta alloy. Alpha-beta alloys contain
limited amounts of beta stabilizers, which cannot strengthen the alpha phase and therefore need
alpha stabilizers as well. Hexagonal Close Packed (HCP) Alpha phase, and Body Centered Cubic
(BCC) Beta phases are the two allotropes of titanium. This alloy contains aluminum, as its alpha
stabilizer along with some small amounts of Oxygen while Vanadium is the beta stabilizer. The
final microstructure of this alloy depends on the heat treatment processing the fastener goes
through. This microstructure, and therefore mechanical properties, is governed by the
distribution of alpha and beta phases in the alloy, which is controlled by the variation in heat
treatment regimes. This alloy is called an Alpha-Beta alloy because it retains the high
temperature beta phase at room temperature after the heat treatment process has taken place. The
most important line to note is the beta transus temperature line, which can be seen in Figure 1
below [20]. This transition temperature for the alloy is around 995 degrees Celsius and is where
the alloy’s microstructure transforms from HCP (Alpha) to BCC (Beta) structure.
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Figure 1: Ti-6Al-4V Phase Diagram. Adapted from [20]
Heat treatment in the beta phase leads to different mechanical characteristics after being
cooled from this treatment temperature. An adverse effect is a significant decrease in ductility.
However, working above the beta transus temperature increases fracture toughness. Therefore, a
final heat treatment such as age hardening will usually take place in the alpha + beta region to
gain back some loss of ductility. The titanium alloy fasteners used in testing went through a heat
treatment process below the Beta transus temperature however. To obtain high strength with
adequate ductility solution treatment temperature of the fasteners used was at 932 degrees
Celsius with age hardening at 510 degrees Celsius. The basis of either heat treatment process
above or below the beta transus temperature is to increase the amount of the stronger beta phase
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within the alloy. When the solution treatment temperature is below the Beta transus, like the
fasteners used in testing, the beta phase decomposes in the age hardening treatment and provides
the higher strength to the material. All heat treatment details for both fasteners are in Appendix
A.
This titanium alloy is spaceflight approved, but has a “checkered” history during use in
the space as well as aeronautics industry [21]. In some applications failure of these bolts were
due to material defects [17,18]. However, most were deemed to be failures caused by
inadequacies in the method and specifications of installation [21,19]. These failures during install
might bridge from a lack of information as to the proper preload values to use in these fasteners
since this alloy’s mechanical characteristics differ from the more widely used A286 stainless
steel.
As stated previously this increase in strength comes at the price of being less ductile. This
brittleness in the material is what has caused the “checkered” history of this material when used
in fastener applications. The previous reports on bolt failure with this material show the shank of
the bolt failed perpendicular to its axis, which is indicative of a brittle material failure when the
applied force is in tension.
These failures can come from many factors. The uncertainty in the amount of preload on
the fastener from the applied tightening torque is one reason. This failure comes from the
complicated relationship of knowing the true stress in the bolt when subjected to some applied
torque. The effective elasticity of the fastener as well as joint elasticity plays an important role
on the stress seen in the fastener. These factors along with the joints loading planes make it
difficult to know the preload on the fastener [22]. Another reason for premature failure is caused
by not applying the proper lubricant on the threads of the fastener. Lubricant is always needed
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for nominal and repeatable results in testing as well as in service. Some more factors that apply
to properly functioning bolted joints are correct joint design and adequate bolt preload. These
two factors can be just as important as the fasteners yield and tensile strength [23]. The proper
joint design along with maintaining adequate preload on the joint will help to ensure proper
function during service. Some real world joint problems will be in Chapter 5 of this thesis. The
proper preload during service along with material choices will make sure that the joint, and not
the fastener, will take the majority of the energy of the system. It has been shown that a relatively
elastic bolt with a stiff clamped material is the best design. This will minimize preload loss and
dynamic bolt loads, as well as make sure the clamped material takes the energy and not the bolt.
As stated, steel fastened joints can safely be tightened up to and beyond their yield
strength [23]. This technique has the advantage of ensuring the maximum preload the bolt can
handle is achieved and knowing exactly how much load the bolt has on it once fastened. This,
however, provides a possible problem in the case of Ti-6Al-4V. This material is thought not to
have enough strain hardening capabilities, compared to its aerospace grade steel counterparts,
like A-286, to be able to absorb much more stress after it reaches its yield point. With little strain
hardening of Ti-6Al-4V this might not be a safe method to achieve a functioning joint [20]. The
stress-strain curves of A-286 and Ti-6Al-4V can be seen in figures 2 and 3 at several strain rates.
This lack of strain hardening before failure is the biggest drawback of the titanium alloy
compared to its A286 counterpart for the aerospace and aeronautics industries. It has been
suggested up to this point to only use the titanium alloy when the weight savings are critical and
preferably when a titanium fastener is not the only point of failure [21]. The yield strength of the
titanium alloy is higher than that of the A286 at all strain rates from the compression tests shown
below [24,25]. However, once the yield strength of the titanium alloy is reached it is not able to
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withstand much more load and reaches its ultimate tensile strength. In the case of the titanium
alloy it is thought there is not much room for error in expected external loads in the joint and the
amount of preload on the bolt needs to be carefully considered by taking out as much error from
the torque-tension relationship as possible.
The stress-strain graphs shown in Figures 2 and 3 are the best found for Ti-6Al-4V and
A286 during research and come from a United Air Force Study of aerospace materials. [24]
Since these results are compression tests using a Split Hopkins Bar Apparatus it shows that not
enough research on this titanium alloy for fastener applications has be completed since that is the
best that could be found as far as stress-strain data and therefore why this research will utilize a
tensile test of the fastener specimens. This lack of relevant data for the alloy in a fastener
application is the main reason for this research since it is gaining more popularity in the
aforementioned fields. Bar stock testing and titanium alloy in sheets are the only other specimens
found in papers. The only research papers that dealt with this alloy in fasteners were for after the
bolt had already failed and the research was for finding out why it broke [20,17,18]

Figure 2: A286 Stress Strain Curves. Pulled from a public source [24]
8

Figure 3: Ti 6Al-4V Stress Strain Curves. Pulled from a public source [24]
.
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CHAPTER 3: TESTING

3.1 Test Specimens
The tensile testing conducted compares Titanium 6-4 to A286. They are both quarter inch
diameter bolts of two-inch length (1.99 inches for Ti 6-4, and 2.03 inches for A286 with similar
threaded lengths) with UNJF threads for consistency. The only visual difference is in the design
of the bolt head with the titanium being a 12 point head and the A286 the usual hex configuration.
This difference did not affect the testing however since the failure was in the thread of the bolts.
The lot of titanium was from an aerospace fastener company who sent the full processing history
of the bolts and are capable of meeting AMS 4928 Rev: R and 4967 Rev: J specifications. The
A286 fasteners are NAS 1004-24A spec and came with the full certification sheet from the bar
stock manufacture through heat treatments, forging/machining, and proof testing. These
specifications are in Appendix A and the two fasteners can be seen in Figure 4 below.

Figure 4: A286 and Ti 6Al-4V Test Specimens
10

3.2 Tensile Testing Machine
To investigate fastener properties the tensile testing machine utilized is a 220 Kip load
frame MTS unit. Load cell is MTS part number 390751-03, and serial number 620094. A tensile
calibration test was done just before testing with a 20 kip S Type load cell to verify calibration
numbers. The lab manager gave a full tutorial on MTS operations before testing was conducted
and oversaw the preliminary testing and first few runs. Data collection was exported through an
Omega USB Data Acquisition Module with model number OMB DAQ56 to a separate laptop.
The force and displacement data with respect to time were setup to populate an Excel sheet for
each test on the laptop and a new sheet was started for each run. The machine well exceeds the
tensile capabilities needed to perform this tension test but the load cell can be set to a 22 Kip (i.e.
22,000 lbs.) setting making data recording more accurate. A picture of the MTS tensile testing
machine is in figure 5 below. The machine’s cross bar was brought down so that the range of
displacement from the hydraulic ram was enough to perform a proper tensile test to ASTM
F606-02 specs of 2 kips/minute for these specimens [26]. In this MTS machine the cross bar on
top stays static while the ram in the bottom of the machine provides the loading. The MTS
gripper for holding the head of the specimens is also shown in the figure in testing configuration.
A donut shaped adapter was made for our testing procedure from the University’s machines shop.
The outer diameter screws fully into the hydraulic cross-head of the MTS machine while the
inner diameter is threaded to fit the grippers used. Further details of the test fixtures will follow
in the next section.
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Figure 5: 220 Kip MTS Tensile Testing Machine
3.3 Test Procedure and Setup
The testing order of the 24 test fasteners seen in Table 1 was randomized using a random
number generator. The randomized test order can be seen in Table 2. The twenty four fasteners
were visually inspected and sprayed with dry moly lubricant and allowed to fully dry then placed
in a sectioned off container and labeled by fastener number. When the fasteners number came up
in the test order it was picked out of the container for testing and once fractured it was placed
back into its cell.
Table 1- Fastener Material Number
Material:
Titanium 6-4
A286

Fastener Material Number
1

2

3

4

5

6

7

8

9 10 11 12

13 14 15 16 17 18 19 20 21 22 23 24
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Table 2- Randomized Run Sequence
Fastener Number

Test Order

Material Order

1

6

Titanium 6-4

2

2

Titanium 6-4

3

12

Titanium 6-4

4

8

Titanium 6-4

5

21

A286

6

7

Titanium 6-4

7

17

A286

8

20

A286

9

13

A286

10

11

Titanium 6-4

11

24

A286

12

5

Titanium 6-4

13

9

Titanium 6-4

14

15

A286

15

18

A286

16

10

Titanium 6-4

17

4

Titanium 6-4

18

23

A286

19

14

A286

13

Table 2 (Continued)
20

19

A286

21

16

A286

22

1

Titanium 6-4

23

22

A286

24

3

Titanium 6-4

Figure 6: MTS Gripper with Tensile Specimen Ready for Testing
In Figure 6 the gripper is used to hold the head of the test specimen for tensile testing in
the MTS machine. The gripper is rated to 60,000 pounds, which is well above the yield strengths
14

calculated for our test specimens which are all less than 6,200 pounds. The MTS crossbar head
was adjusted and then locked in place so that the hydraulic ram below had enough range of
motion to fracture the specimen. The hydraulic ram in the base of the machine provides the
loading and has the other custom-made test fixture. The outside diameter is threaded into the ram
and the inner diameter was drilled and tapped so that the test specimens can be threaded directly
into it with consistent full thread engagement over all the tests. A non-tapped hole was drilled all
the way through this 1.6 inch thick test fixture, as can be seen on the right of figure 7 below, and
then the top 3/8” was tapped. This 3/8” provides full thread engagement and ensures that all the
test specimens had the same thread engagement. There is a 3/8” thick testing puck with a ¼”
diameter hole in the center which comes with the gripper and was used under the head of the bolt
during testing. This puck sits in a recessed circular area in the gripper and ensures that a pure
axial load is applied to the fastener. This test setup was used instead of a bolt with a nut and
another gripper in the hydraulic ram to take out any extra elongation effects from the nut and the
extra threaded interfaces of the second gripper’s adapter. This test configuration was thought to
best isolate and test the bolts capabilities and are why ASTM F606 and NASA STD-5020 were
deviated from for this test. These fixtures can be seen in Figure 7 at the end of this chapter.
To setup the specimen for testing it was placed through the testing washer and then the
washer was placed in the gripper’s recessed circular area. From there the ram was brought up so
that the bolt could be fully threaded until it bottomed out in the test fixture in the ram. The ram
was slowly lowered until no gap between the washer and head could be seen. From there a 100
pound preload was placed on all of the fasteners before the testing procedure was started. All
fastener threads were sprayed with dry molybdenum disulfide lubricant and allowed to dry
before testing took place for repeatable results. The ¼” tapped hole in the bottom test fixture was
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also sprayed with the dry moly lube before testing took place and again half way through testing
procedures and allowed to dry before continuing.
Testing speed is in accordance to ASTM E8M-01 Section 7.6.3.2. For a ¼” bolt, two kips
per minute comes in right in between the specifications range of 10,000 to 100,000 psi per
minute of loading. The OMB-DAQ56 data recorder was set to its maximum rate of 4.6 Hertz and
provided adequate frequency for data collection points. This produced at least 620 data points
per test which lasted 130 seconds or longer.

Figure 7: Custom Test Fixtures, Gripper, Washer, and Fasteners
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CHAPTER 4: RESULTS

4.1 Fastener Strength
A total of twenty-four specimens were tested, twelve titanium 6-4 and twelve A286.
Twelve test specimens each was decided upon after analysis based on the Choice of Sample Size
section in Montgomery’s book [27]. The calculation to arrive at this sample size is in Appendix
B. The plots below are of the load vs. displacement data from all tests conducted.

Figure 8: A286 Load vs. Displacement Tests
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Figure 9: Titanium 6Al-4V Load vs. Displacement Tests
Note, it is very important to realize the different displacement scales from Figure 8 and 9. A
representative graph in Figure 10 shows the two materials on the same plot to show a more
accurate difference in displacement. The last point of each graph is where the specimen fractures.

Figure 10: A286 & Titanium 6Al-4V Load vs. Displacement
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Presented in Figure 11 is a box plot of the two materials yield strengths showing median,
25th and 75th quartiles along with minimum and maximums over the 24 total runs. Then Table 3
contains the average yield strengths and max tensile strengths.

Figure 11: Yield Strengths for Titanium 6Al-4V and A286
As can be seen in Figure 11, the A286 has a much tighter grouping of yield strength data
than the titanium 6-4. This can be seen graphically between Figure 8 & 9. The data points are
much tighter throughout the whole test range for the A286.
Table 3- Fastener Yield Strengths
Material:

Titanium 6Al – 4V

Yield Strength

Tensile Strength

(psi)

(psi)

147,646

167,929

Average
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Table 3 (Continued)
Minimum

127,633

165,785

25th Quartile

148,018

169,900

75th Quartile

152,195

168,941

Maximum

153,136

169,787

121,349

164,219

Minimum

116,534

162,251

25th Quartile

120,642

163,371

75th Quartile

122,865

165,152

Maximum

123,196

165,913

A286 Average

The average maximum tensile load for A286 is 5,977 pounds while the average
maximum tensile load for the titanium alloy is slightly higher at 6,112 pounds. This goes to show
that these two materials are very closely matched for ultimate tensile strength and is why they are
being compared in this study. The real question we are after however is how much displacement
these fasteners can withstand when going from yield to fracture.
4.2 Ductility Index
For these characteristics the ductility index will be calculated. The ductility index
definition used in this thesis is pulled from Appendix A.5 of NASA Standard 5020. “The
ductility is quantified by the ratio of plastic deformation at rupture to elastic deformation at
rupture.”[7]. Figure 12 is a plot of load vs. displacement for A286 explaining graphically how
the ductility index is calculated followed by table 4 which contains ductility indexes for A286
and Ti 6-4.
20

Figure 12: Ductility Index Quantification
In Figure 12 above, De stands for elastic displacement and Dp stands for plastic
displacement. This ratio of Dp/De is the ductility index which will be referenced in this thesis.
This will give a good indication as to the ductility in these two material fasteners. Ductility index
is used because these are full scale fasteners and are not machined tensile test specimens. The
test data for all 24 specimens with ductility index ratios are in Appendix C.
Table 4- Average Ductility Index
Material:

A286

Ti 6-4

Ductility Index Averages

5.40

0.53

Minimum

5.05

0.43

25th Quartile

5.12

0.51
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Table 4 (Continued)
75th Quartile

5.65

0.56

Maximum

5.90

0.59

Figure 13: Titanium 6-4 Fastener Failure

Figure 14: A286 Fastener Failure
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The final note to take from the testing is the manner in which each material fractured.
This can tell about the relative ductility of each of the materials. If a material being pulled in
tension fractures perpendicular to the axis of loading force the material is considered more brittle.
The opposite is true for failure of more ductile materials. A 45 degree fracture plane is expected
from ductile materials when being pulled in tension. Figure 13 above is the titanium 6-4
specimen after failure occurred. Figure 14 is A286 after the specimen broke in testing. As these
figures depict the titanium alloy fractures across only one thread which is perpendicular to the
tensile loading. The A286 on the other hand fractures across three or four threads which is much
closer to a 45 degree angle. These characteristics match the ductility indexes for the fasteners as
well as fracture characteristics for brittle and ductile materials.
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CHAPTER 5: EXAMPLE PROBLEMS

5.1 Joint Design
When designing it is essential to choose fastener sizes and materials that will support the
static and/or dynamic loads which the design will be subjected to in use. Physical quantities such
as yield and tensile strengths along with ductility indexes are good general guidelines to know
what might work but fasteners are used to hold joints together. Understanding bolted joints is
essential to the design of fastener systems and aids in choosing the correct fasteners. Some
simple joint diagrams can show loading scenarios to see how much force will be seen by the
fastener and the joint while in use [22, 7, 28, 29].
Bolt diagrams are load vs. displacement graphs. The slopes of the lines are the spring
constants of the bolt and joint material and the height is the applied preload to the bolt. The
estimated external load for which the bolted joint will see in service is located by placing the
upper end at the extension of the spring constant for the bolt and moving it until the bottom end
contacts the spring constant line of the joint. Adding the external load in this manner reveals how
much additional force and displacement the bolt experiences, as well as how much relief the joint
experiences as shown, and explained in more detail, later in Figure 18. Calculations of these
spring constants are gone over in the Meyer’s paper [26] for the bolt as well as the joint. A basic
joint diagram is in Figure 15 with an applied external load.
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Figure 15: Joint Diagram with Applied External Load
The next important characteristic of joint design to look at are the effects of loading
planes. Figure 16 shows physically what these loading planes are. A loading plane of one (n=1)
is considered worst case and is if the external load is applied right under the bolt head and the nut.
The half loading plane (n=0.5) is what will be used in the joint design examples to follow. A
loading plane of zero (n=0) would locate the load at the joint interface (not shown in figure). As
the slanted lines show, the clamped part is reduced from the whole joint when n=1 to half and is
why the amount of displacement from the vertical preload line to the dashed line in Figure 17 is
smaller with the half loading plane.
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Figure 16: Bolted Joint with Loading Planes
These loading planes distinguish between the clamped and clamping parts of the joint and
therefore change the bolt diagram’s displacement axis (x-axis). For the following examples a half
loading plane will be used since that is reasonable to assume since it represents most joints better
than the other extremes. A worst-case scenario of loading planes, below the head and nut, will
also be presented in this chapter to see how much of an effect these planes have on the loads seen
by the bolt. A joint diagram showing this effect of loading planes is shown in Figure 17. The
solid line represents the original scenario with loading planes right under the head and nut. The
dashed line is the half loading plane scenario. Note the change in where the dashed line moves
along the x-axis compared to where the solid line was. The clamped part (the joint) is now
smaller with the half loading planes. This also changes the relative spring constants for the bolt
and joint as can be seen by the slopes of the lines.
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Figure 17: Joint Diagram Loading Plane Effects
The final consideration that needs to be taken into account for the joint diagrams are the
uncertainties in the relationship between applied torque and the actual preload that it puts on the
bolt. These papers [7, 28] state that it is a safe estimate to assume a preload uncertainty of plus or
minus 25% for hand-operated torque wrenches during application and will be used in the
following scenarios. If the bolt is instrumented however this can be reasonably taken down to
plus or minus 5%. The torque tension values will not be discussed in this thesis, as it is a lengthy
discussion so these uncertainty percentages will be used. Torque-tension guidelines are gone
over in NASA Standard 5020 Section 5.8 [7].
A value that will be held constant for the joint design examples is the joint length. Each
bolt is 2 inches so a joint length of 1.425 inches will be used. This is taking into account two
washers with a nominal thickness of 0.06 inches, a nut with thickness of 0.375 inches and 0.08
inches of thread exposed to ensure full thread engagement as stated in NASA 5020 Section 5.6.1
[7].
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5.2 Bolted Joint Diagram Values
The first step in making a joint diagram is calculating the spring constants for the load vs.
displacement graph. This spring value for the bolt can be found using a modified Hooke’s Law
equation found in the Meyer’s paper [22]. This equation is fully explained in Appendix D along
with the calculation for A286.
To find the spring constant in the joint is a more complex problem. For the following
joint diagram examples the third joint area equation presented in Meyer’s paper is used. This
area is for if the diameter of the joint is equal to or greater than three times the area of the washer
in the joint. The other two areas present in Meyer’s paper are a sleeve and an area that would be
in between the sleeve and area used in the joint diagram examples in this thesis. The equation for
area used is thought to be for the most general application but all three will give similar results
though the area used is the most conservative since it’s the largest area.
The final variable that needs to be addressed is the applied external load to the joint
diagram examples. The Meyer’s paper [22] states for good joint design to choose a preload force
that is at least twice as much as the external force that the joint will experience in use. Therefore,
for these joint design examples the preload will be specified based on minimum yield strength of
data collected in this research then the example’s external loads will be applied based on preload.
This loading will keep the relationship between the bolt and joint linear since investigations have
shown that the lower portion of the joint spring constant is actually non-linear for compressed
parts [22].
Minimum yields from the test data in Table 3 collected in this research will be used to
calculate preloads in accordance to VDI 2230 [39]. The necessary data for the joint diagram
examples are in Table 5.
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Table 5- Preload Scenario Loadings
Materials:

Titanium 6-4

A286

Minimum Yield Load

4,643 lb

4,238 lb

90% Preload

4,179 lb

3,815 lb

65% Preload

3,018 lb

2,755 lb

Young’s Modulus

12,931 ksi

16,990 ksi

Spring Constants

280,000

363,000

5.3 Constructing a Joint Design Example
A joint diagram example consists of six points connected by lines. The points were
labeled A thought F for organization. Point A is at the origin and connects to B, the slope of
which represents the tensile spring constant of the bolt. Point B connects straight down to C
which represents the preload on the bolt. Point B also connects to point D which represent the
compressive spring constant of the joint. In good design, the joint should be stiffer than the bolt
as shown in Figure 18. Point E connects to F in a vertical line representing the external load that
is applied to the joint. The top of this external loading line, point E, lies on the extension of the
bolt spring constant line and is moved up or down until the bottom of the line, point F, contacts
the joint spring constant line. Shown in Figure 18 are the locations of these points in a joint
diagram. The steps needed to find these points are given in Appendix E.
Basically, the preload is calculated based on the minimum yield of the test data collected.
This sets the height of line BC. The external load, line EF, is then calculated from that preload by
dividing by 2 as explained in Section 5.2. The slopes of the line determine where on the graph’s
x-axis line BC and EF will be located. Depending on the assumed loading planes for each joint
diagram example the locations will be adjusted.
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Figure 18: Joint Diagram Naming Convention
5.4 Interpreting a Joint Design Example
The points on the graph represent important aspects of the joint’s loading. The ycoordinate of Point B is the preload that the bolt is tightened to. The y-coordinate of Point E is
the max load seen by the bolt and is the most important point to be taken from the graph. This
point is needed to make sure that the bolt will not fail while it is in use. The interesting thing that
the joint diagram does however is it shows how much of the external load the bolt is taking up
and how much the joint is taking. Note the horizontal line that is drawn to the right from Point B
to the external load line, from that horizontal line to point E is the amount of external load the
bolt is taking. From that horizontal line down to Point F is how much the joint is taking. As can
be seen from Figure 18, the joint takes more of the external load than the bolt. This is how a
properly designed joint should function.
The amount of external load that the bolt sees can be adjusted though proper design.
Meyer’s paper [22] has shown that a more springy bolt and stiffer joint is a better design. The
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more elastic the bolt, the lower the slope of the line. The shallower this line becomes, the less
distance between Point E and a line drawn horizontally to the right of Point B. This means that
the bolt sees less load if the slope of the joint line is relatively steep. The loading planes also
come into play with this calculation. The farther the loading planes are from right under the head
and nut (n=1) the steeper the joint line becomes and the shallower the bolt line becomes.
Another important location to take note of is the x-coordinate of Point D. If the external
load grows above the designed value the joint will separate at this point. Once the external load
grows or the bolt elongates past that x-coordinate of Point D, the joint will separate and the bolt
will now experience the full tensile load that is being applied. In some cases however, the bolt
may rupture before separation of the joint occurs. To figure this out consult Section 5.5.
5.5 Using the Joint Diagram
As stated in the Section 5.4 the y-coordinate of Point E in Figure 18 is the maximum load
seen by the bolt with the external load applied. This is the important value in determining if the
fastener will fail in service. There are two ways for failure to occur. The bolt may rupture before
joint separation or the joint may separate. Joint separation occurring sometimes is considered a
failure and even if not, the bolt will experience the full load at separation. An easy way to figure
out which will occur first, rupture or separation, NASA Standard 5020 can be consulted. Figure 5
of the 5020 Standard, shown below as Figure 19, is a flow chart to determine if separation or
rupture will occur first. Seen in the figure, the Section the flow chart refers to (Section 6.2.1.1
and 6.2.1.2 in Reference [7]) are Margin of Safety calculations based on if rupture of separation
occurs first. The Figure 6 referred to at the bottom of the flow chart is a graph in NASA Standard
5020 explaining the same thing Figure 12 from Chapter 4 of this thesis does which shows how to
calculate

.
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Figure 19: NASA 5020 Joint Separation Flow Chart [7]
In this flow chart,

is the elastic modulus of the clamped material and

is the elastic

modulus of the bolt. D is the diameter of the head of the bolt or washer and e is the length to the
closest part from the bolt measuring from the center of the bolt to the next part.
maximum preload on the bolt and

is the

is the allowable ultimate tensile strength for the

material. Also in the second step is n which is the loading plane. A value of 1 is for full loading
planes under the head of the bolt and nut and 0 would be if the joint was being pulled from the
middle of the two clamped parts. The final two values are

, which are the

displacements at the end of the plastic and elastic regions. These are the values that are pulled
from the ductility index graphs shown in Appendix C and summarized in Table 4 of Chapter 4.
The elastic modulus values are pulled from stress-strain graphs that are calculated from
the load vs. displacement data collected in testing and seen in Table 5.

is chosen to be an

aluminum alloy with modulus of 10,000 ksi. The e value was chosen in the joint diagram
examples so that it would meet the requirement to move onto the next step down in the flow
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chart. It is 0.75 in. which is reasonable for a general-purpose joint example.
preload for each joint design example and

is the

is the minimum tensile strength for the

materials from the data collected for this thesis. As stated previously

are pulled from

Table 4 of this thesis and were calculated based off the load vs. displacement graphs of the data
collected for this thesis.
In the joint diagram examples to follow, a flat safety factor of 1.4 was placed on the
maximum load to be seen by the bolt. If the flow chart in Figure 19 shows that the joint would
separate before rupture than the load at separation is calculated and the safety factor was placed
on that value. The value with the safety margin is then compared to the minimum tensile strength
of the data collected to see how the fasteners would perform if the full tensile load is seen by the
bolt upon joint separation.
5.6 Joint Diagram Examples
A total of 18 joint diagram examples were calculated to see how these two materials
would respond in different preload and external loading scenarios. These 18 examples come
from three basic configurations: 90% preload with half loading planes, 65% preload with half
loading planes and 65% preload with full loading planes. From these three configurations torquepreload uncertainty percentages of plus or minus 25% were added as discussed in Section 5.1.
Table 6 shows all the joint design examples calculated. The rest of this Chapter looks more
closely into the interesting aspects of some of these examples. The ones not discussed in detail
are in Appendix F which are marked with ** in Table 6.
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Table 6 - Joint Diagram Examples
115% (90% +25% Uncertainty)
90% (Nominal Case)
Half Loading Planes

65% (90%-25% Uncertainty)**

(Titanium 6-4 and A286)

90% (65%+25% Uncertainty)**
65% (Nominal Case)
40% (65% - 25% Uncertainty)**

Full Loading Planes

90% (65% +25% Uncertainty)

(Titanium 6-4 and A286)

65% (Nominal Case)
40% (65%-25% Uncertainty)**

5.7 90% Yield Preload with +/- 25% Uncertainty from Torque
The first joint diagram example that will be investigated is a comparison of titanium 6-4
and A286 based on an applied preload of 90% of each materials minimum yield strength from
the data which was collected. This percentage is pulled from Section 4.2 of VDI 2230 [29] as a
value most frequently applied. Some standards take the bolts up to 100% of minimum yield
strength but with the minimal strain hardening of the titanium alloy the calculations show that
the bolt will fail while being installed, if the upper limit of 25% torque-preload uncertainty
(115% Preload) is reached, which has happened previously [8,20,19]. The flow chart and safety
margin calculations in Section 5.5 will be discussed after each joint diagram example graph is
presented in this section. This chapter is meant to show scenarios where the titanium alloy would
not be suitable to use instead of A286 as well as where the titanium alloy can be used safely in
place of A286.
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5.7.1 115% Preload with A286
This first example shows the upper uncertainty range of A286 with an applied external
load equal to half of the 90% Preload. This will be 115% (90% preload +25% uncertainty)
preload of the minimum yield of the specimens tested.

Figure 20: 115% Preload of A286 Joint Diagram
Using the flow chart in Figure 19 from NASA STD-5020 it can be determined if a joint
will rupture before separation or separate before rupture. This chart was followed and A286 in
this loading scenario will separate before rupture of the fastener as expected because of the high
ductility index. As explained in Section 5.4, joint separation will occur when the bottom of the
external load line (Fe) reaches the x-axis. At this point none of the load is carried by the joint and
the bolt will see the entire tensile load that is being applied. In this joint diagram example the
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load at joint separation will be 5,772 lb. Multiplying this by a safety factor of 1.4 give a value of
8,080 lb. which is above the 5,906 lb. minimum tensile strength of the A286 fasteners tested for
this thesis. A286 in this loading example will not break upon joint separation. However, with a
40% safety margin it will not be acceptable to use.
5.7.2 115% Preload with Titanium 6-4

Figure 21: 115% Preload of Titanium 6-4 Joint Diagram
Going through the same flow chart as the previous example, the flow chart shows that
titanium 6-4 may rupture before separation occurs in this joint diagram example as to be
expected due to the much lower ductility index compared to A286. This is an example where the
titanium alloy would fail during use and A286 would not. At a load of 5,470 lb. the titanium
would be out of the linear-elastic range of its load curve and displacement will pick up faster
than load since it will be in the plastic deformation region.
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Calculating the load at separation for this joint diagram example the bolt will fail before
the joint separates. The joint will be totally unloaded at 0.0218 inches which can be seen in
Figure 21. At this point the bolt will be seeing the full external load which will be 6,104 lb. The
minimum tensile strength for the experiments conducted for titanium 6-4 alloy was 6,035 lb.
This means that the bolt will break before the join separates for this minimum case. The flow
chart from NASA 5020 works as designed and the bolt would rupture due to external loads
before the joint separates.
5.7.3 90% Preload with A286

Figure 22: 90% Preload of A286 Joint Diagram
The 90% joint diagram example will separate before rupture occurs for A286 since the
same occurred for the 115% case. The load seen by the bolt once the joint separates is 4,538 lb.
With a flat safety margin of 1.4 that takes the load to 6,353 lb. The tensile strength for the
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minimum A286 test was 5,906 lb. This means that the A286 should not be used if preload is
taken to 90% of minimum yield strength and the loading planes are assumed to be half if a safety
factor of 40% is warranted. However, the fastener will not break at seperation. If the safety factor
is brought down to 1.2 for this case the safe load would be 5,446 lb. which would be considered
safe to use.
5.7.4 90% Preload with Titanium 6-4

Figure 23: 90% Preload of Titanium 6-4 Joint Diagram
Following the flow chart in Figure 19 the titanium 6-4 with 90% preload the joint will
now separate before rupture which differs from the 115% case previously viewed. The load seen
by the bolt once the joint separates will be 4760 lb. With the same flat safety factor of 1.4 this
value is raised to 6,664 lb. The tensile strength of the minimum titanium 6-4 test is 6,035 lb. This
means that with a preload of 90% and half loading planes the fastener will not fail in use but the
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40% safety margin will not be met. Like the scenario in Section 5.7.3 if the safety margin is
brought down to 1.2 this means the safe load would be 5,712 lb. which is below the tensile
strength. This means this joint design example would be considered safe if only a 20% safety
margin was necessary.
5.8 65% Yield Preload with +/- 25% Uncertainty from Torque
The second main loading scenario that will be evaluated is a comparison of these two
materials with a preload of 65% of their minimum yield strengths. This value was taken from the
NASA Technical Memorandum [28] which states that an initial preload of 65% is specified for
some NASA space flight hardware. These values were also taken from the minimums of the test
to have consistency between joint diagram examples.
Since both materials did not meet margin tests at a nominal 90% preload, 65% will now
be looked at to see which fasteners can be used at this nominal level and have acceptable
margins. Since the 90% joint diagram examples presented above have a slightly higher external
load but the margin was not met this section will not go deeper into the upper uncertainty level of
65% which would also be 90% (65% +25% Torque uncertainty) just with a slightly smaller
applied external load. Again, the difference between the 90% nominal joint diagram example and
a 90% example from an upper uncertainty example from 65% is the external load. Since the
external load is calculated as half of the nominal preload the external loads applied to the joint
diagram examples will be different. The examples presented below are of 65% nominal preload
meaning the external load is half of the 65% minimum yield for the materials.
5.8.1 65% Preload with A286
In this joint diagram example a nominal case of 65% is calculated which means that there
is no uncertainty in the torque-preload equivalence. Preload is again taken as 65% of the
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minimum yield strength from the data collected in testing for this thesis which comes out to be
2,755 lb. The external load is then calculated as half of this value which is 1377 lb.

Figure 24: 65% Preload of A286 Joint Diagram
This joint will separate before rupture following the flow chart in Figure 19. At the point
of joint separation the bolt will see the full amount of the tensile load which will be 3,256 lb.
Again, multiplying this value by a safety factor of 1.4 it bring the load up to 4,560 lb. which is
below the minimum tensile strength of the A286 bolts tested of 5,906lb. This means that A286 is
safe to use at 65% preload in this joint diagram example.
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5.8.2 65% Preload with Titanium 6-4

Figure 25: 65% Preload of Titanium 6-4 Joint Diagram
In this joint diagram example titanium 6-4 is preloaded to 65% of the minimum tensile
strength seen in the testing conducted for this thesis. The joint will separate before rupture and at
that point the bolt will see a load of 3,441 lb. Multiplying this by a safety factor of 1.4 gives a
value of 4,818 lb. which comes in below the minimum tensile strength seen by the titanium 6-4
specimens in testing of 6,035 lb. This means titanium 6-4 can safely be used with 40% margin in
this joint diagram example.
5.9 65% Yield Preload with +/- 25% Uncertainty from Torque and Full Loading Planes
Since it was shown in the first two examples of this Chapter the worst case of 90%
loading will cause the titanium 6-4 to fail and A286 to not meet the safety margin in use with
half loading planes the full loading planes it will assuredly break the fasteners. Because of this,
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the worst case loading planes of nominal 65% preload joint diagram examples will be calculated
to see how these fasteners will perform. This means the 90% (65% preload + 25% uncertainty)
preload will be calculated with full loading planes first to take the upper uncertainty level.
5.9.1 90% Preload with A286 and Full Loading Planes

Figure 26: 90% Preload of A286 Joint Diagram – Full Load Planes
Figure 26 is the joint diagram example for the 90% preload (65% + 25% uncertainty) of
A286 with full loading planes. The first thing to notice that has changed from the previous
figures, with half loading planes, is the length of the joint compression and the slopes of the bolt
and joint lines. The distance from the preload line to where the joint line hits the x-axis is now
twice as long as the same preload example in Figure 22. The length of the joint diagram is still
the same at 0.0124 in. but the amount taken up by the joint is now greater.
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The joint will separate before rupture occurs and the load on the bolt when the joint
separates will be 4,501 lb. With a safety factor of 1.4 that brings up the value to 6,301 lb. which
is greater than the minimum tensile strength in the tests of 5,906 lb. This means that with full
loading planes the A286 will not fail in use but it will not be able to function safely in this worse
case loading plane example if 40% safety margins are needed. Like in Section 5.7.3 if the safety
margin is brought down to 20% this joint diagram example will be deemed safe.
5.9.2 90% Preload with Titanium 6-4 and Full Loading Planes

Figure 27: 90% Preload of Titanium 6-4 Joint Diagram – Full Load Planes
In the joint diagram example shown in Figure 27 the joint will separate before rupture of
the fastener. When the joint fully unloads and the bolt sees the full tensile force being applied,
the load will be 4,760 lb. Multiplying this by a safety factor of 1.4 give a load of 6,664 lb. The
minimum tensile strength seen by the tests of the titanium 6-4 was 6,035 lb. This means that the
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titanium 6-4 will not break when the joint unloads but the safety factor will not be met. Like in
Section 5.7.4 if the safety margin is brought down to 20% this joint diagram example will be safe.
Since both the A286 and titanium 6-4 will not meet 40% safety margins for the upper
limit of uncertainty in 65% preload assuming full loading planes the final two joint diagram
examples will be shown. These will be the nominal 65% preload with full loading planes to see if
they will pass safety margin calculations at joint separation.
5.9.3 65% Preload with A286 and Full Loading Planes

Figure 28: 65% Preload of A286 Joint Diagram – Full Load Planes
Figure 28 is the nominal case of 65% preload with no uncertainties in torque-preload
equivalence. The joint will separate before rupture. At separation the bolt will see the full load of
3,256 lb. With a safety factor of 1.4 it brings the value to 4,559 lb. which is below the minimum
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tensile load seen by the fasteners in testing of 5,906 lb. This means that this joint diagram
example will pass with 40% safety margin when the joint is fully unloaded.
5.9.4 65% Preload with Titanium 6-4 and Full Loading Planes

Figure 29: 65% Preload of Titanium 6-4 Joint Diagram – Full Load Planes
In this joint diagram example the nominal value of 65% is taken for preload assuming
there are no uncertainties in the torque-tension equivalence. This joint will still separate before
rupture with full loading planes and when the joint separates the bolt will see a load of 3,444 lb.
Multiplying this by the safety factor of 1.4 will bring it to 4,821 lb. which is below the minimum
tensile strength from the tests of 6,035 lb. This means that the titanium can be safely used at 65%
preload with the assumption of full loading planes and 40% safety margins.
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CHAPTER 6: DISCUSSION

6.1 Tensile Test Data
This section of Chapter 6 will delve deeper into the test results presented in Section 4.1
which were yield and tensile strength data from the tests performed for this thesis. Figure 30
below is the same as Figure 10 and is a representative load vs. displacement graph of each
material. The line with less displacement is the titanium 6-4 and the line with more is A286.

Figure 30: Representative Load vs. Displacement Graphs
From Figure 30 it can be seen that the tensile strengths of these two materials are very
similar and the load they fracture at is close as well. The last point of each line is where the
47

specimens fractured in testing and each average was right around 6,000 lb. As the graph depicts
however, the yield strengths differed more with the yield of titanium 6-4 being greater by over
26,000 psi, or 950 lb for these specimens. Overall however, these two materials are very closely
matched in the aspect of strength standards used for design. The difference between these
materials that is apparent in Figure 30 are the amounts of elongation until fracture. This will be
discussed in Section 6.2.
The next important point of discussion to be brought up from testing is the variance in the
strength data collected from each material. As can be seen in Figures 8 & 9 the variance of yield
loads for titanium 6-4 are greater than A286. This is also shown in the box plots in Figure 11. As
can be seen in Figure 11 as well, there are two outliers for titanium 6-4 which are well out of
range while only one outlier misses the A286 grouping by narrower margin. These two extremes
that read low on the titanium 6-4 data were the first two tests conducted so they might be off due
to the machine warming up to operating temperature. The A286 that is labeled an extreme
however was 14th in the test order so it cannot be attributed to the load frame warming up. Even
if these extremes are ignored the 25th to 75th quartile variance is greater for the titanium than the
A286. Even with this variance and extremes the A286 specimens all passed the 5,100 lb. tensile
load carrying capabilities stated in NASM 1312-8 as the certification sheets documented.
6.2 Ductility Index
As stated in the previous Section 6.1, the strengths of these two materials were closely
matched but the noticeable difference is in the amount of elongation each material went through
between when it yielded to when it fractured. As can be seen in Table 4 of Chapter 4 the ductility
index for A286 was on average ten times greater than the titanium 6-4 specimens. Even looking
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at the maximum of the titanium 6-4 compared to the minimum of the A286 the ductility indexes
are still almost ten times different.
If Figure 19 is viewed once more, the bottom box of the flow chart deals with a ductility
index calculation. If the ductility index is greater than 0.25 then separation may occur before
rupture if all other criteria are met. However, if ductility index is less than 0.25 rupture may
occur first. This last condition of the flow chart dealing with ductility index is determining the
brittleness of a fastener. This ductility index of 0.25 is taken to be the parting line between brittle
and ductile fasteners. Even though the A286’s ductility index is on average ten times greater than
that of titanium 6-4 the titanium alloy still is greater than this 0.25 value from the flow chart and
will move the user of the flow chart to the separation before rupture section to determine margin
of safety calculations. This means by the NASA 5020 [7] flow chart standard, the titanium 6-4 is
ductile enough to not be considered a brittle fastener.
The final point to reiterate is the manner in which each fastener broke in testing. From
Figure 13 you can see the flat fracture which was perpendicular to the axis of loading, breaking
only across one thread. This is indicative of a brittle material when a tensile load is applied. On
the other hand, Figure 14 shows the fracture of A286. As can be seen the fracture is across
multiple threads and much closer to a 45% plane than the titanium 6-4. Again, this is a
characteristic of a more ductile fracture when the loading is in tension.
6.3 Joint Diagram Examples
A total of 18 joint diagram examples were worked through to see how these two
materials would perform in different preload and external load scenarios. The preload values, as
stated in Section 5.2, are based off of minimum yield strength values collected during testing for
this thesis. From these preload values an external load was placed on the system which is half of

49

the nominal preload value since this is considered good joint design. The flow chart in Figure 19
was used for all joint diagram examples to determine if joint separation or rupture would occur
first. If separation occurs first, as it does for all joint diagram examples except one, the load on
the bolt was found for when the joint would separate since at this point the bolt would see the
full external load. This load at joint separation was then multiplied by 1.4 to obtain a 40% safety
margin. This safe load was then compared to the minimum tensile strength of the data collected
for this thesis to determine if that joint diagram example was safe to use. Table 7 below is much
like Table 6 and will go over the outcomes for each joint diagram example.
Table 7 - Joint Diagram Example Results
Loading Plane
Half Loading Planes

Joint Diagram
Example
115% Example
(90% + 25% Torque
Uncertainty)
Nominal 90%
Example
65% Example
(90% - 25% Torque
Uncertainty)
90% Example
(65% + 25% Torque
Uncertainty)
Nominal 65%

Titanium 6-4

A286

Only case where
rupture will occur
before separation
Does not meet 40%
safety margin but
does meet a 20%
margin
Pass with 40% Safety
Margin

Separation before
rupture does not meet
40% safety margin
Does not meet 40%
safety margin but
does meet a 20%
margin
Pass with 40% Safety
Margin

Does not meet 40%
safety margin but
does meet a 20%
margin
Pass with 40% Safety
Margin

Does not meet 40%
safety margin but
does meet a 20%
margin
Pass with 40% Safety
Margin

Pass with 40% Safety
Margin

Pass with 40% Safety
Margin

Example
40% Example
(65% - 25% Torque
Uncertainty)
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Table 7 (Continued)
Full Loading Planes

90% Example
(65% + 25% Torque
Uncertainty)

Does not meet 40%
safety margin but
does meet a 20%
margin
Pass with 40% Safety
Margin
Pass with 40% Safety
Margin

65% Example
40% Example
(65% - 25% Torque
Uncertainty)

Does not meet 40%
safety margin but
does meet a 20%
margin
Pass with 40% Safety
Margin
Pass with 40% Safety
Margin

The takeaways from Table 7 above are how these fasteners will perform at each preload
level. At the upper end of uncertainty for the nominal 90% joint diagram example both the A286
and titanium 6-4 will not meet safety margin when the joint separates and the titanium alloy in
this case will actually fail before the joint separates. The 90% preload level, no matter what the
external load, will not obtain 40% safety margin, however, a 20% margin can be met at the point
of joint separation. At a preload level of 65% and 40%, and either external load, the joint
diagram examples show that the bolt will meet a 40% margin of safety for these cases. It is
important to note in all of these examples that they are very controlled scenarios and so they
should be treated as such. In operations external loads are rarely exactly what they were designed
for. These examples are to provide a general idea of how each fastener will perform under ideal
loading and preloading scenarios
.
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CHAPTER 7: CONCLUSIONS

After tensile testing was conducted, yield and tensile strengths were determined and the
ductility indexes calculated. It was found that the yield and tensile strength of the titanium 6-4
was similar to that of A286. The difference between yield and tensile strength of the titanium
alloy was smaller though with around 20,000 psi more stress being carried after yield strength
before its tensile strength was reached. The A286 on the other had was able to withstand twice
that on average with 43,000 psi between the yield and tensile stress values. The ductility index of
the A286 however was, on average, ten times greater than the titanium 6-4.
Joint diagrams were then constructed and analyzed for reasonable preload and external
loading conditions. This large difference in ductility index did not hinder the performance of the
titanium alloy in all but the highest preloading joint diagram example. A flow chart was worked
through for all joint diagram examples to see if the joint will separate first or if the fastener will
rupture before separation. If the preload on the fasteners is 115% of minimum yield strength,
seen in testing for this thesis, the titanium alloy will rupture before the joint separates. The A286
in this same example will separate before rupture but 40% safety margin will not be achieved.
Both bolts perform similarly in all other loading examples gone through. At 90% preload the
joints will separate before rupture but only a 20% safety margin is obtained at separation. At
65% and 40% preload of minimum yield strength however both materials will obtain a 40%
safety margin at the point of joint separation.
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Overall, the testing shows that titanium 6-4 fasteners can be used safely if proper joint
design is taken into account and torque-preload equivalence uncertainty is minimalized. This
uncertainty can be reduced by using proper lubricants when installing the bolts and using
instrumented fasteners.
Constructing joint diagram examples with the preload and external loads the joint is
designed to handle in service is also good practice to see if joint separation or bolt rupture will
occur first and determine if acceptable safety margins can be met. This thesis and the data
collected helps fill a void in the literature on titanium 6-4 fasteners compared to more
conventional A286 for aerospace and aeronautical fields.
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APPENDIX A: HEAT TREATMENTS

A.1 A286 Heat Treatment
The A286 is produced by Ugitech Groupe for Techalloy Union per specification
D.3.PRS.010.S/REV.E. At the time of shipment it was 0.295 inch diameter A286 rod and passed
its chemical composition and the heat treatment specifications and condition of delivery was
stated. Three V Fasteners purchased this stock now 0.2465 inches in diameter from Techalloy. It
was then sent to Continental Heat Treating, Inc. where it was solution treated at 1800 degrees
Fahrenheit for 2 hours then oil quenched and then age hardened at 1325 degrees Fahrenheit for
16 hours. This took the bolts to a 130 Ksi minimum tensile strength. 3V Fasteners then
performed final inspection along with performing stress rupture and tensile tests before shipping
to Wesco Aircraft. These fasteners were then purchased through Aerolyusa Inc. for our testing.
All these transactions and test results were provided from Aerolyusa when the shipment arrived.
A.2 Titanium 6-4 Heat Treatment
The Titanium 6-4 fasteners were obtained gratis from SPS Technologies in Jenkintown,
PA. They had purchased and produced the bolts to test locking nuts that they added to their
product line but only used 3 bolts of the 50 specimen lot and the remaining were left in
inventory. The bar stock was purchased by SPS from Dynamet, Inc. and the certification
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was provided. The following table shows the processing steps that SPS took to produce the bolts
from the bar stock which took the alloy to a 160 ksi minimum tensile strength.
Table A- Titanium 6Al-4V Bolt Manufacturing Procedure
1

Cut Bars to Proper Length

2

Forge Heads

3

Solution Treat (1710°F / 30 minutes)

4

Vacu Blast

5

Straighten

6

Age Harden (950°F for 4 hours)

7

Vacu Blast

8

Machine Head

9

Machine to Length

10

Stamp Head with Shop Order and Lot Number

11

Grind Body and Under-Head

12

Grind Thread Roll Diameter

13

Roll Threads

14

Grind Thread Major Diameter

15

Apply Cetyl alcohol Grade B
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This heat treatment process leaves the grain structure as depicted in the figure below. The
beta grains that were formed decomposed into the transformed alpha structure that can be seen in
the lamellae layers of the beta grains. Looking back at the phase diagram from the Background
section as the temperature increases the primary alpha decreases as the alloy nears its beta
transus temperature. However, as the temperature increases the percentage of Vanadium, the beta
stabilizer, decreases. Upon cooling since there is less Vanadium the beta phase that had formed
at the higher temperature more easily transforms to alpha phase making the lamella layers seen
below since the beta phase is unstable at lower temperatures.

Figure A: Titanium 6Al-4V Grain Structure with Heat Treatment. Reprinted from “Metallurgy
and Microstructure” by Wanhill,R., and Barter, S., 2012, Fatigue of Beta Processed and Beta
Heat-Treated Titanium Alloys, pg. 7 Copyright 2012 by Springer Reprinted with permission.
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APPENDIX B: CHOICE OF SAMPLE SIZE

Montgomery [34] was used to determine the proper sample size for testing. The tensile
testing done is a single factor experiment, which is the material difference. As stated, the choice
of sample size is very important and the concern is “wrongly failing to reject the null hypothesis”
(

) that the variables being tested are equal to each other. An operating characteristic

curve with a significance level of 0.05 as shown below in Figure A is also used. It assumes that
the population variance is unknown but equal along with the assumption that the sample sizes are
equal.

Figure B: Operating Characteristic Curve [31]
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The two parameters on the axis are d and Beta, or the probability of failing to reject the
null hypothesis. The axis labeled ‘d’ is the standardized difference in the variable of interest in
the experiment, which is the ductility index. Since no relevant data of ductility index for these
two materials were found the elongation to fracture of the materials were used as a basis.
Titanium 6-4 to AMS 4928 specification, like that of the fasteners used, have 14% elongation to
fracture [32] and A286 to AMS 5731, like that of the fasteners used, has 24% elongation to
failure [33]. These values were used as

in the equation below. The standard deviation

is not known before testing begins so this value needs to have an educated guess to input and
5% deviation was thought to be reasonable.
(1)
Calculating d from Equation 1 yields a value of 1. An acceptable error of 5%, =0.05, is
decided to be acceptable and then Figure B is looked at to find the value of
on the graph. This comes out to be approximately 16. This value of

which are the lines

however is not the sample

size since it is equal to two times the sample size minus one. Therefore, solving this gives a
sample size of 8.5 which is rounded up to 9. A slightly larger sample size of 12 however was
chosen to make up for the uncertainty in guessing the standard deviation of the elongation in
Equation 1.
After testing was completed this calculation was carried out again with the ductility
indexes from Table 4 along with computed standard deviation. The difference on average is 5
between the A286 and titanium 6-4 ductility indexes and the A286 has the greater standard
deviation at around 0.3. The result for the standardized difference came out to be 8.3 which is
well off the chart. This makes it apparent that the twelve samples is over a necessary testing
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population to have statistically meaningful results. This makes sense because the averages of the
two materials are so far apart and this test is to make sure they are not thought to be the same,
which is the null hypothesis.
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APPENDIX C: DUCTILITY INDEXES

As stated previously the ductility index will be defined from NASA STD-5020 Appendix
A.5 [7]. It is stated to be the displacement in the plastic range over the displacement in the elastic
range. Below will be each of the 24 tests run which the ductility index was taken from. The
elastic range is best estimated from the graph and the end of the plastic range is taken from the
test data.
C.1 Titanium 6-4 Ductility Index

Figure C: Titanium 6-4 Ductility Index Specimen 1
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Figure D: Titanium 6-4 Ductility Index Specimen 2

Figure E: Titanium 6-4 Ductility Index Specimen 3
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Figure F: Titanium 6-4 Ductility Index Specimen 4

Figure G: Titanium 6-4 Ductility Index Specimen 5
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Figure H: Titanium 6-4 Ductility Index Specimen 6

Figure I: Titanium 6-4 Ductility Index Specimen 7
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Figure J: Titanium 6-4 Ductility Index Specimen 8

Figure K: Titanium 6-4 Ductility Index Specimen 9
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Figure L: Titanium 6-4 Ductility Index Specimen 10

Figure M: Titanium 6-4 Ductility Index Specimen 11
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Figure N: Titanium 6-4 Ductility Index Specimen 12
C.2 A286 Ductility Index

Figure O: A286 Ductility Index Specimen 13
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Figure P: A286 Ductility Index Specimen 14

Figure Q: A286 Ductility Index Specimen 15
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Figure R: A286 Ductility Index Specimen 16

Figure S: A286 Ductility Index Specimen 17
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Figure T: A286 Ductility Index Specimen 18

Figure U: A286 Ductility Index Specimen 19
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Figure V: A286 Ductility Index Specimen 20

Figure W: A286 Ductility Index Specimen 21
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Figure X: A286 Ductility Index Specimen 22

Figure Y: A286 Ductility Index Specimen 23
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Figure Z: A286 Ductility Index Specimen 24
Table B- Ductility Index Calculations
Specimen Number

Elastic Range

Plastic Range

Ductility Index

Ti 6-4 Specimen 1

0.028

0.0435

0.554

Ti 6-4 Specimen 2

0.028

0.0444

0.586

Ti 6-4 Specimen 3

0.026

0.0385

0.481

Ti 6-4 Specimen 4

0.026

0.0395

0.519

Ti 6-4 Specimen 5

0.027

0.0428

0.585

Ti 6-4 Specimen 6

0.033

0.0472

0.43

Ti 6-4 Specimen 7

0.028

0.0431

0.539

Ti 6-4 Specimen 8

0.026

0.0407

0.565
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Table B (Continued)
Ti 6-4 Specimen 9

0.026

0.0404

0.554

Ti 6-4 Specimen 10

0.026

0.0381

0.465

Ti 6-4 Specimen 11

0.026

0.0405

0.558

Ti 6-4 Specimen 12

0.027

0.0417

0.544

A286 Specimen 13

0.021

0.130

5.19

A286 Specimen 14

0.022

0.133

5.05

A286 Specimen 15

0.02

0.137

5.85

A286 Specimen 16

0.02

0.126

5.3

A286 Specimen 17

0.02

0.127

5.35

A286 Specimen 18

0.021

0.145

5.9

A286 Specimen 19

0.021

0.127

5.05

A286 Specimen 20

0.022

0.138

5.27

A286 Specimen 21

0.02

0.132

5.6

A286 Specimen 22

0.02

0.136

5.8

A286 Specimen 23

0.021

0.130

5.19

A286 Specimen 24

0.02

0.126

5.3
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APPENDIX D: SPRING CONSTANT CALCULATIONS

D.1 Bolt Spring Constant
To calculate the spring constant of the bolt the following equation was pulled from the
Meyer’s paper [22]:
(2)
In this equation E is the Young’s Modulus of the bolt,
which is calculated from equation 1 of ASTM standard F606-13,

is the stress area of the shank
is the stress area calculated

from the minor thread diameter in the threaded length, d is the minor thread diameter,
length of the shank of the bolt and

is the

is the thread length. This provides the slope of the line for

the bolt side of the joint diagram.
The values for the lengths and areas for the two bolts are very similar. The length of the
shank, , is 1.5 inches for A286 and 1.28 for the titanium 6-4. The length of the threaded region,
, is 0.544 inches for A286 and 0.725 for the titanium 6-4. The minor diameter for ¼”-28 UNJF
thread is 0.2062 inches. The area of the shank will be calculated following equation 1 of ASTM
STD F606-13 [32] for stress area which is as follows:
(3)
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where, D is nominal diameter of the bolt and n is the number of threads per inch. This calculation
produces an area of 0.0364

. The area of the thread will just use the area of a circle equation

with the minor thread diameter. This produces a value for thread area,

, of 0.0334

. From

the data collected the elastic modulus, E, of A286 is 16,990 ksi and 12,932 ksi for titanium 6-4.
One sample calculation is carried out below for A286:
(4)

Be sure to account for the assembled joint dimensions for the length of the threaded
portion taking into account the nut and washer dimensions along with length for full thread
engagement.
Once calculations for the spring constant are carried out they yield values of around
for the A286 bolt and

for the titanium 6-4 fastener rounded to

three significant figures for calculations and graphing purposes.
D.2 Joint Spring Constant
As stated previously determining the joint spring constant is more complex due to
uncertainties in finding the true location of the loading planes. The same basic equation for
spring constant is used from the modified Hooke’s Law equation but a substitute area is applied
based on the diameter of the joint compared to the area of the bolt head being used with the
fastener. Three different area examples are shown and the one chosen is what is thought to be the
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most applicable with the joint being equal to or greater than three times the diameter of the bolt
head. This area formula is below:
(5)
where,

is Diameter of the bolt head,

is the length of the joint, and

is the diameter of the

hole. The bolt heads of the two fasteners are almost identical and the A286 was taken for use in
the calculation of 0.51 inches diameter. The A286 bolt was also taken to find a reasonable length
of the joint. The total length is 2.03 inches from the base of the head to the end of the bolt. Based
on NASA 5020 the full thread engagement is two times the pitch of the bolt so for these fasteners
it came out to be 0.0714 inches and was rounded up to 0.08. Next a sample 12-point head nut
was looked up which had a thickness of 0.375 inches and finally a washer was looked up and a
thickness of 0.06 inches was found. After subtracting these thicknesses off the length of the bolt,
along with another washer under the head, a joint thickness of 1.425 inches was arrived at for the
examples. A hole size of 0.253 inches was decided on as an acceptable tolerance for a 0.25 inch
bolt to fit in. Calculating the area with these variable results in an area of 0.284

.

The joint spring equation is as follows and is from the Meyer’s paper. The same basic
equation is how Equation 1 was derived for the bolt’s spring constant.
(6)

The final variable that needed to be found was a joint materials elastic modulus.
Following the example in NASA STD-5020 again an aluminum alloy (Al-6061) is used as a
sample joint material. Calculating the spring constant for this sample joint comes out
too

. This value will also be rounded to three significant figures of 1,990,000.
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APPENDIX E: JOINT DIAGRAM CALCULATIONS

Figure AA: Joint Diagram Naming Convention
First, the equations of the lines for the diagram with full loading planes under the head
and nut are calculated. These calculations are mostly just spring constants which are listed in
Table 5 and whose calculations are in Appendix A.1. Since the line for the bolt goes though the
origin the equation is even more simplified since the line crosses the y-axis at zero. Plug in the
preload for the loading scenario and find the x-coordinate. These (x,y) coordinates will be point
B in the diagram and point C is directly below.
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Next, plug the point B values into the equation for the joint line to find the location which
that line will cross the y-axis. Once the y-intercept is calculated the equation for the line of the
joint is complete. Point D can now be found by setting this line equation equal to zero and
finding the x-coordinate. These coordinates however are for the loading plane below the head
and nut of the bolt.
To change these to half loading planes as in the majority of the examples subtract the xcoordinate from Point C from the x-coordinate from Point D and divide them by two. Add this
number to the x-coordinate of point B and C and now the new coordinates for half loading planes
are complete. This new x-coordinate will be where the preload line lies on. Point D stays in the
same location and preload does not change. The length of the joint is simply rearranged so that
the part taken up from the joint is cut in half.
Now that the slopes of the lines have changed the new line equations must be calculated.
The slope for the bolt will be done first. Since the preload did not change that is the y-coordinate
and the new location of the preload line is taken as the x-coordinate. Since the bolt line goes
through the origin there is no y-intercept term. Calculating the slope from these two points gives
you the new line equation for the bolt. Next, the slope of the joint equation needs to be found.
The two sets of points to use are where the line crosses the x-axis and where it touches the top of
the preload line. Dividing the difference in the y-coordinates over the x-coordinates will provide
you with the slope. Using this slope and either one of the previous points will give the new yintercept for this line. The new line equation for the joint is now complete.
External loading is the final step to complete the joint diagram. The length of this line is
known because as stated previously it is set to be half of the preload. Setting the equations for the
line of the bolt and joint equal to this external load and solving for x is how to find the location
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where the external load will be located. This ensures that the top of the external load line lies on
the extension of the bolt line and the bottom of this line lies on the joint line. Now that the xcoordinate where the external load will be applied is known the y-coordinates need to be found.
Simply plug in that x-coordinate to the line equation for the bolt and joint and you have the (x,y)
coordinates for Point E and F.
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APPENDIX F: OTHER JOINT DIAGRAM EXAMPLES

The figures in this appendix were not as notable as those presented in Chapter 5. They are
joint diagram examples in which there is safety margin after the joint has separated. From any of
the following 40% preload examples it can be seen that the external load does not have to grow
by much to get to the point of joint separation. The first four are lower bound (40% preload)
cases for the 65% preload examples. Since the half and full loading plane joint diagram examples
show that at 65% the fasteners will perform safely the 40% cases will as well. The information
still wanted to be presented for completeness however so they appear in this appendix.

Figure BB: 40% Preload of A286 Joint Diagram
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Figure BB is the joint diagram example for the lower uncertainty case of 65% preload.
This means 40% (65%-25% uncertainty) preload is applied which is 1695 lb. as can be seen in
the figure. The max load seen by the bolt with the external load of 1377 lb. applied is 1800 lb.
When the joint separated the load seen by the fastener will be 2,004 lb. With a safety factor of
1.4 the safe load then is 2,805 lb. which is well below the minimum tensile strength seen by the
A286 fasteners of 5,906 lb. The 40% preload case will perform safely after joint separation.

Figure CC: 40% Preload of Titanium 6-4 Joint Diagram
Figure CC shows the joint diagram example for titanium 6-4 with the lower limit of
uncertainty of 65% preload. This 40% preload is 1,857 lb. as can be seen in the graph. The
highest load seen by the fastener in use with the external load of 1,509 lb. will be 1,955 lb. The
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joint will separate before rupture in this example and at separation the bolt will see 2,120 lb.
With a 40% safety factor the value is brought to 2,967 lb. which is below the 6,035 lb. minimum
tensile load carried by the bolts in testing. This means that titanium 6-4 will perform safely even
after joint separation occurs.

Figure DD: 40% Preload of A286 Joint Diagram - Full Loading Planes
As can be seen in Figure DD the preload for the A286 40% joint diagram example is
1,695lb. The maximum load seen by the bolt in use in this example will be 1906 lb. Upon joint
separation the bolt will see a load of 2,004 lb. and with a safety factor of 40% the safe load will
be 2,805 lb. This is below the minimum tensile strength seen by the A286 test specimens in this
research of 5,906 lb. which means that this joint diagram example will safely perform with the
conditions it is subjected to.
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Figure EE: 40% Preload of Titanium 6-4 Joint Diagram - Full Loading Planes
Figure EE shows the 40% preload of titanium 6-4 which is the lower limit of uncertainty
of the 65% preload with full loading planes. This produces a preload of 1,857 lb. as can be seen
in the figure. The max load seen by the bolt in use is 2,043 lb. The load at separation then is
2,120 lb. and when a safety factor of 40% is applied the value is brought to 2,967 lb. which is
below the minimum tensile strength of 6,035 lb. seen in testing for this research.
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Figure FF: 65% Preload of A286 Joint Diagram
Figure FF is the lower bound (90%-25% uncertainty) of the 90% preload examples. The
preload seen by the bolt is 65% of the minimum yield seen by the testing conducted for this
thesis but the external load is based off of 90% preloading. This example will have joint
separation before rupture and at when that occurs the bolt will see the full load of 3,256 lb. With
a 40% safety margin this value is brought to 4,558 lb. which is below the minimum tensile
strength seen in testing for A286 of 5,906lb. This joint diagram example would be deemed safe
to use.
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Figure GG: 65% Preload of Titanium 6-4 Joint Diagram
Figure GG shows the lower uncertainty bound for the 90% preload case which is 65%
preload with the external load based off of 90% preload. This puts 3018 lb. preload on the bolt.
This joint diagram example will separate before rupture and when separation occurs the load
seen by the bolt will be 3,444lb. With a safety factor of 1.4 this value becomes 4,821 lb. which is
below the minimum tensile strength seen in testing for titanium 6-4 of 6,035 lb. so this example
is safe to use.
The final two examples for this Appendix will be the case of 65% nominal preload with
25% Torque-preload uncertainty. This means the bolt will be subjected to 90% preload based on
minimum yield strength of the material seen in testing and an external load which is half of the
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65% yield value. These will be switching back to half loading planes like the 65% examples
from Section 5.8.

Figure HH: 90% Preload (65%+25% Uncertainty) of A286 Joint Diagram
As shown the external load for the joint diagram in Figure HH is the same as that in
Section 5.8 because even though the preload is 90% this example is based off of 65% nominal
preload. The max load the bolt will see in use is 3,915 lb. This example will separate before
rupture and when separation occurs the bolt will see the full 4,501 lb. tensile load. If a 40%
safety margin is applied the value is brought to 6,301 lb. which is above the 5,906 lb. minimum
tensile load seen in the testing for this thesis. This mean that the bolt will not fail in use, however,
the 40% safety margin is not met. If the margin is lowered to 20% however this bolt will be
considered safe to use when the joint separates.
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Figure II: 90% Preload (65%+25% Uncertainty) of Titanium 6-4 Joint Diagram
Like the joint diagram example before this in Figure II, Figure 65 represents 90% preload
which is based off the upper end of uncertainty for the nominal 65% preload case. This means
that the external load is based off of 65% preload. The maximum load the bolt sees in use will be
4,271 lb. This joint will separate before rupture and when separation occurs the bolt will see a
tensile load of 4,760 lb. With a safety factor of 1.4 the safe load is then 6,664 lb. which is above
the 6,035 lb. of minimum tensile strength of the bolts tested during research. If the safety margin
is brought down to 20% however this bolt will be safe to use when joint separation occurs.
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APPENDIX G: COPYRIGHT PERMISSION

Below is permission to use Figure A
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